Although much information about the apoptotic and other detrimental actions of polychlorinated biphenyls (PCBs) has been accumulated, the critical role of mitochondrial damage in such toxic action remains to be clarified. We have previously shown that PCBs affect various functions in isolated mitochondria. Recent studies have revealed that mitochondria play an important role in apoptosis through membrane permeability transition (MPT), and that Ca 2+ induces classic MPT characterized by depolarization and swelling of the mitochondria, thereby releasing cytochrome c in a cyclosporin A-sensitive mechanism [Free Rad. Res. 38, 29-35, 2004]. In the present study we investigated the effect of 4-hydroxy-3,5,3',4'-tetrachlorobiphenyl (4-OH-TCB) on isolated rat liver mitochondria in order to help clarify the effect of PCBs on MPT. Biochemical analysis revealed that 4-OH-TCB induced calcium release, reactive oxygen species (ROS) generation, depolarization, swelling and cytochrome c release in isolated rat liver mitochondria in a time and concentration dependent manner. These 4-OH-TCB-induced changes in mitochondrial function were found to be inhibited by the presence of cyclosporin A, suggesting an classic type of MPT. It is concluded that 4-OH-TCB induces MPT together with ROS generation, causing apoptosis in certain cells.
Introduction
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trichloroethane [1, 2] . PCBs have been found to affect various biological processes, resulting in such adverse changes as cell toxicity and mutation in animals. Experimental treatment with PCBs caused a loss in cell viability and accelerated apoptosis both in a concentration-and timedependent manner [3] [4] [5] [6] [7] [8] [9] . In preliminary experiment of this laboratory, we observed that 4-hydroxy-3,5,3',4'-tetrachlorobiphenyl (4-OH-TCB) increased thyroxin-induced tail shortening in tadpoles in a manner typical of apoptosis at organ level. Several investigations indicate that biological membranes might be the sites for the toxic action of PCBs [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Studies of the action of chlorinated hydrocarbon pesticides on mitochondria indicate that PCBs may affect the electron transport and energy transducing reaction of rat liver mitochondria [12] [13] [14] [15] [16] 20] . PCBs inhibited oxidative phosphorylation [12, 16] , decreased respiratory control [2, 15] and inhibited oligomycin sensitive ATPase [17, 21] in rat liver mitochondria. Kanechlor-400 also inhibits succinic dehydrogenase and the CoQ-cytochrome c region of the electron transport chain [14] . It is well known that the mitochondrial inner membrane possesses the energy transduction functions, and mitochondrial oxidative phosphorylation is responsible for supplying over 95% of the total ATP requirement in eukaryotic cells [22] . Thus, it is expected that the membrane damaging property of PCBs play an important role in cell toxicity and apoptosis.
Recently it has been clarified that mitochondria play an important role in the mechanism of apoptosis [23, 24] . According to the reports of several investigators, the mechanism of apoptosis by PCBs differs according to cell type and chemical structure of the PCBs [3] [4] [5] [6] [7] [8] [9] . Since PCBs affect mitochondrial functions, it can be expected that mitochondrial membrane permeability transition (MPT) is a possible mechanism of PCB-induced apoptosis [25] [26] [27] . Salvi and Toninello, however, reported that Aroclor 125 inhibits the MPT and release of cytochrome c from the mitochondria [28] . Thus, the causal sequence and molecular mechanism of PCBs-induced apoptosis is not yet fully understood, and elucidation of this mechanism might be important for preventing its toxic action. Based on this idea, we focused on the effect of 4-OH-TCB on MPT in an attempt to help clarify the mechanism of PCB-induced apoptotic cell death.
Materials and Methods

Isolation of rat liver mitochondria
After fasting overnight, excised livers were homogenized in 0.25 M sucrose containing 10 mM Tris-HCl buffer (pH 7.4) and 1 mM EDTA at 4°C. Mitochondria were isolated from these homogenates by the method of Hogeboom as described previously [29] .
Assay for mitochondrial functions
Oxygen consumption and oxidative phoshorylation of mitochondria were measured by oxygen electrode [23] . Mitochondria (0.25 mg protein/ml) were incubated in a medium consisting of 250 mM sucrose, 5 mM MgCl2, 10 mM KCl and 10 mM Tris-HCl buffer (pH 7.4) at 25°C with or without 4-OH-TCB which was synthesized in this laboratory. Other mitochondrial functions were measured in standard medium (10 mM Tris-HCl pH 7.4 containing 0.15 M KCl and ~10 µM contaminating Ca 2+ ) at 25°C using 0.1 mg protein/ml of mitochondria. Mitochondrial swelling was monitored by change in absorbance at 540 nm and recorded by a Shimadzu UV-3000 (Shimadzu, Kyoto, Japan). Mitochondrial membrane potential was measured by fluorescence intensity of diS-C3-(5) (Nihon Kanko Shikiso Research Institute, Ltd, Okayama, Japan) (0.2 µg/ml) at 670 nm during excitation at 622 nm. Cytochrome c release was analyzed by Western blotting using anti-cytochrome c antibody (PharMingen, San Diego, CA) [30] .
Assay for mitochondrial reactive oxygen species (ROS) generation H2O2 generation was evaluated by means of Amprex Red (Molecular Probes, Eugene, OR)/Horseradish peroxidase (HRP) (Sigma Co. Ltd, St. Louis, MS) assay by use of fluorescence spectrophotometer equipped with a magnetic stirrer and thermostatic control (Hitachi 650-10LC, Tokyo, Japan) [31] . Mitochondria (0.1 mg protein/ml) were suspended in a 25°C standard medium [10 mM Tris-HCl (pH 7.4) containing 150 mM KCl] with 2.5 mM succinate and 1 mM phosphate buffer (pH 7.4) containing 1 mU/ml HRP and 20 µM Amprex Red in the presence or absence of 4-OH-TCB and cyclosporin A (CsA). Changes in fluorescence intensity were measured at 590 nm with excitation at 550 nm.
Western blotting
The electrophoresed proteins in an agarose gel were transferred onto an Immobilon Membrane (Millipore, Waltham, MA). The membrane was blocked in Tris-buffered saline-Tween-20 (TBST, 10 mM Tris-HCl, pH 7.4, 0.15 M NaCl, 0.05% Tween20) containing 5% skim milk, and then incubated with primary antibodies diluted with TBST containing 5% skim milk at 4°C for 20 h. After washing three times in TBST, the membrane was incubated at 37°C for 2 h with peroxidase-conjugated secondary antibody (DAKO, Glostrup, Denmark) diluted in TBST containing 5% skim milk. Immunoreactive bands were visualized using an enhanced CHL system (Amersham Pharmacia Biotech, Uppsala, Sweden) [25] . chromic indicator, Antipyrylazo III (Simga Co. Ltd, St. Louis, MS), at 720-790 nm in a Shimadzu UV-3000 dualwavelength spectrophotometer equipped with a magnetic stirrer and thermostatic control [25, 32] . Mitochondria (0.5 mg protein/ml) were incubated in a standard medium with 5 mM succinate and 2 mM phosphate buffer (pH 7.4) and 50 µM Antipyrylazo III. Mitochondrial Ca 2+ uptake and release are accompanied proportionally by a decrease or increase in the absorbency, respectively. The amounts of mobilized Ca 2+ were calibrated at the end of each experiment using authentic CaCl2 solutions in the presence of 2.5 µM 2,4-dinitrophenol.
Assay for protein concentration and statistical analysis
Protein concentrations were determined by the method of Bradford using bovine serum albumin as a standard [33] . Results are expressed as the mean +/− SD. The significance of differences between experimental conditions was determined using the two-tailed Student's t-test. A probability of p<0.05 was considered significant.
Results
Stimulation of mitochondrial Ca 2+ transport by 4-OH-TCB and its suppression by cyclosporin A
It is known that mitochondrial MPT depends on the release of accumulated Ca 2+ from mitochondria [25] . In the presence of inorganic phosphate (Pi) and respiratory substrate in a standard medium, mitochondria rapidly accumulated Ca 2+ and then released it when the concentration became high enough to uncouple the mitochondria ( Fig. 1 ). 4-OH-TCB stimulated the release of accumulated Ca 2+ from mitochondria. The stimulating effect of 4-OH-TCB was suppressed by CsA, an inhibitor of mitochondrial MPT.
Uncoupling of mitochondrial oxidative phosphorylation by 4-OH-TCB
As described previously, various PCBs disrupt the biochemical functions of mitochondria [12] [13] [14] [15] [16] [17] [18] . To help understand the process by which such disruption occurs, we examined the effect of 4-OH-TCB on mitochondrial respiration and oxidative phosphorylation. As shown in Fig. 2A and B, 4-OH-TCB increased oxygen uptake of state 4 respiration in the presence of phosphate and succinate as respiratory substrate in a concentration dependent manner. The respiratory control ratio (RCR) of mitochondria by adenosine diphosphate (ADP) in the presence of succinate was markedly suppressed and maximum suppression was obtained at 5 µM 4-OH-TCB (Fig. 3A ). 4-OH-TCB also decreased the activity of oxidative phosophorylation expressed by the ADP/O ratio in a concentration dependent manner (Fig. 3B) , although suppression was not so remark-able as that for RCR.
Stimulation of H2O2 generation in mitochondria by 4-OH-TCB and its suppression by cyclosporin A
To elucidate the mechanism by which 4-OH-TCB induced uncoupling of mitochondria, the possible occurrence of ROS, such as H2O2, was measured using Amprex Red/HRP system. 4-OH-TCB was seen to increase the fluorescence intensity of Amplex Red as well as Ca 2+ treatment in a concentration dependent manner ( Figs. 4A and B ). Furthermore, the enhancing effect of 4-OH-TCB was suppressed by CsA (Fig. 4B) . These results indicate that 4-OH-TCB enhanced H2O2 production as the similar mechanism observed in Ca 2+ -induced H2O2 generation in isolated rat liver mitochondria [25, 36] .
Depolarization of mitochondrial membrane potential by 4-OH-TCB and its suppression by cyclosporin A
The substrate dependent mitochondria membrane potential was depolarized by addition of calcium ion (Fig. 5A) . Membrane potential was also depolarized by addition of 4-OH-TCB in a time dependent manner (Fig. 5B) . The depolarizing effect of 4-OH-TCB was also suppressed by CsA (Fig. 5B) . 
Mitochondrial swelling by 4-OH-TCB and its suppression by cyclosporin A
In the presence of Pi and succinate, 4-OH-TCB induced swelling concomitant with depolarization in a time and concentration dependent manner (Fig. 6A) . The mitochondrial swelling induced by 0.5 µM 4-OH-TCB was suppressed by CsA ( Fig. 6B ). Similar inhibition by CsA was observed at concentrations of 0.5 to 2.5 µM 4-OH-TCB (data not shown). 4-OH-TCB-induced mitochondrial swelling was also suppressed by EGTA and ruthenium red but not by rotenone (data to shown). 
Cytochrome c release from mitochondria by 4-OH-TCB and its suppression by cyclosporin A
It has been well documented that MPT occurs when oxidation of the critical thiols groups of inner membrane proteins, such as adenine nucleotide translocator (ANT), are oxidized to induce conformational changes that form large non-selective proteins [25] and induces the release of cytochrome c from mitochondria. 4-OH-TCB was found to induce the release of cytochrome c from mitochondria concomitant with mitochondrial swelling (Figs. 7A and B) . CsA also suppressed the 4-OH-TCB-induced cytochrome c release as shown in Fig. 7B .
Discussion
PCBs have a lipophilic character and are highly stable compounds [1] . PCBs have been found to accumulate in certain animal cells causing the loss of cell viability and accelerating apoptosis by disrupting mitochondrial functions [3] [4] [5] [6] [7] [8] [9] [12] [13] [14] [15] [16] . Recent studies clarified that mitochondrial MPT plays an important role in the mechanism of apoptosis [23] . Thus, it is expected that MPT is also involved in PCB-induced apoptosis [24] [25] [26] [27] . In the present study we found that the PCB compound, 4-OH-TCB enhanced the uncoupling oxidative phosphorylation, generation of ROS, Ca 2+ release, membrane depolarization, swelling and cytochrome c release, and that the presence of CsA inhibited this enhancing effect. 4-OH-TCB-induced changes in mitochondrial functions were also suppressed by EGTA and Ruthenium red (data not shown).
Ca 2+ is a highly versatile intracellular signal that regulates many different cellular processes, and cells have developed sensitive mechanisms for Ca 2+ control. Ca 2+ is known to induce a typical classic type of MPT in mitochondria, which is characterized by the release of accumulated Ca 2+ , membrane depolarization, dependency on Ca 2+ and energy metabolism and high sensitivity to CsA [34, 35] . Ca 2+ also induces the generation of ROS in the presence of inorganic phosphate and respiratory substrate [36] . Thus, the following causal sequence of changes might explain the mechanism of Ca 2+ -induced MPT: structural change of inner membrane by binding of Ca 2+ to cardiolipin, modulation of electron transport system, generation of ROS, oxidation of protein thiol groups and membrane lipids in a CsA sensitive mechanism [25] [26] [27] . These findings indicate that CsA might affect not only pore opening of ANT by binding to cyclophilin D, but also affect the initial step of MPT, such as Ca 2+ transport [27, 37] .
4-OH-TCB disrupts mitochondrial functions as shown in Fig. 3 . In the presence of Pi and succinate, state 4 respiration increased with increasing concentration of 4-OH-TCB ( Figs. 2A and B) , while the RCR and ADP/O ratio progressively decreased (Fig. 3) . Furthermore, 4-OH-TCB's effect on respiration was suppressed by CsA (data not shown). These results indicate that 4-OH-TCB possibly generates ROS by modulating the electron transport chain in the inner membrane of the mitochondria. It is considered that mitochondrial Ca 2+ loading is a trigger for the release of cytochrome c [25, 36] . Cytochrome c release is considered as a critical, early event in the induction of the apoptosis cascade that ultimately leads to programmed cell death. Thus, the results of this study supported the idea that a pathway involving mitochondrial MPT, cytochrome c release and caspase activation might be involved in the mechanism of PCB-induced apoptosis [5, 6, 9, 10] . Since PCBs affect mitochondrial functions in different ways depending on their chemical structure, the mechanism of PCB induced apoptosis might be different according to cell type and chemical structure of the specific PCB [17] . Sanchez-Alonso et al. [5] reported that polychlorinated biphenyl mixtures (Aroclors) induce apoptosis via Bcl-2, Bax and caspase-3 proteins in neuronal cell cultures. However, recent study revealed that Bax does not directly participate in the Ca 2+ -induced permeability transition of isolated mitochondria [36] . These results further support the idea that PCBs induce apoptosis by different mechanisms depend on the cell species and chemical structure of the PCB involved. Tail shortening during amphibian metamorphosis depends on apoptosis [38] , and is triggered and controlled by the endogenous thyroid hormones, L-thyroxin (T4) and triiodo-L-thyronine (T3) [39] . Exogenously added T4 or T3 has been shown to enhance tail apoptosis and shortening. Previously we reported that T3 induced MPT in isolated rat liver mitochondria [40] , and that CsA suppressed T3-induced tadpole tail shortening [41] . Furthermore, we found in preliminary experiment of this laboratory that 4-OH-TCB enhances T3induced tadpole tail shortening in a concentration dependent manner, and that CsA mitigates the enhancing effect of 4-OH-TCB. Together with these results, it is suggested that 4-OH-TCB enhances apoptosis in some cells through the process of classic type of MPT.
Toxic syndrome produced by PCBs in human and animals is characterized by severe loss of body mass, lymphoid tissues involution, immunotoxicity, hepatotoxicity, neurotoxicity, etc [42, 43] . In this context, we found that 4-OH-TCB induced a classic type of MPT in isolated rat liver mitochondria (Figs. 5, 6 and 7) . These findings suggest that toxic syndrome produced by PCBs might be mediated by mitochondrial MPT and that it is possible to use CsA for therapy of PCBs-induced syndrome.
The results of this study lead us to conclude that 4-OH-TCB induces classic MPT and helps to clarify the involvement of mitochondrial MPT in the process of PCBs-induced apoptosis. However, further studies are needed to clarify the precise mechanism by which of 4-OH-TCB induces MPT, especially how the CsA suppresses the generation of ROS. 
